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Soft x-ray spectroscopy is used to investigate the strain dependence of the metal- insulator tran- 
sition of VO2. Changes in the strength of the V 3d - O 2p hybridization are observed across the 
transition, and are linked to the structural distortion. Furthermore, although the V-V dimeriza- 
tion is well-described by dynamical mean-field theory, the V-O hybridization is found to have an 
unexpectedly strong dependence on strain that is not predicted by band theory, emphasizing the 
relevance of the O ion to the physics of VO2. 



Of the materials that exhibit a metal-insulator transi- 
tion (MIT), VO2 has been an exquisite textbook example 
for the last five decades [1], with its large 10^) dis- 
continuity in the conductivity and the rich tunability of 
its properties with alloying or strain. Despite such in- 
tense interest, however, the nature of the transition itself 
still remains a challenge to explain. In the past, debate 
about whether the transition is driven by the lattice [2, 3] 
(Peierls physics) or by electron correlation effects [4, 5] 
(Mott-Hubbard physics) fuelled interest; more recently, 
the general consensus amongst experiment and theory 
alike is for a co-operative model, in which both pictures 
are important to the MIT. Key to understanding such a 
co-operative model has been the behavior of the transi- 
tion with applied strain and alloying [5-8]. Technologi- 
cally, interest in this material has focused on the dramatic 
changes of its optical properties through the transition, 
coupled with its ultra- fast nature [9], that make it an 
excellent candidate for applications such as fast optical 
switches. 

The potential application of VO2 as a novel functional 
material has recently been accelerated by advances in 
its thin film growth [10, 11], and such interest has been 
fuelled by the possibility of tailoring the MIT (includ- 
ing to below room temperature) through doping and/or 
strained thin films epitaxially grown on oriented Ti02 
substrates. However, the introduction of strain to the 
lattice (at ambient pressure) raises new questions on the 
physics of V02. In particular, the role of the lattice has 
important implications for the timescale of the transition, 
and many of the envisaged technological applications of 
VO2 hinge on its ultra-fast nature. For example, the 
structural transition is known to impose a bottleneck on 
the timescale of the transition of bulk VO2 [12]. Mean- 
while, the effects of strain on the mechanism of the MIT 
are not well-established: in bulk VO2, small amounts of 
applied uniaxial stress stabilize the M2 phase [8] , whereas 
for Nb-doped VO2 (of Nb concentrations > 15%) the 



chemical pressure induces an insulating rutile phase [4] 
(i.e. with no accompanying structural distortion). In this 
Letter, using a combination of soft x-ray spectroscopies, 
we show that the MIT of moderately strained VO2 still 
involves the lattice, and reveal that the role of the O 
ion has a surprising dependence on the strain that is not 
anticipated by band theory. 

The essential features of the electronic structure of 
VO2 can be understood rather well from a simple molec- 
ular orbital perspective [2]. In this picture, the V 3d 
orbitals form three well-separated states in the high- 
temperature rutile (i?) structure. Crucially, the tt* (also 
labeled ep states overlap in energy with the so-called 
d\\ (aig) states that run along the rutile c-axis (cR-axis), 
leading to a metallic phase. Accompanying the MIT, a 
structural distortion into the monoclinic Mi phase leads 
to the dimerization of V atoms in the CR-axis, splitting 
the state into bonding and anti-bonding states. Addi- 
tionally, the tilting of the VOg octahedra in the Mi struc- 
ture increases the V-O hybridization, and pushes the tt* 
state upwards in energy, deoccupying it and leading to 
an insulating phase. However, early measurements of the 
properties of Nb- and Cr-doped VO2 [4, 5] revealed fea- 
tures of the phase diagram inconsistent with the neglect 
of electron correlations, e.g. an insulating rutile phase 
and the presence of the M2 phase (in which only half 
the V atoms dimerize). In the model of Zylbersztejn and 
Mott [13], strong correlations in the dy band are screened 
in the metallic phase by the tt* band. In the insulating 
phase, these tt* states are empty, and the unscreened cor- 
relations open the gap. 

Attempts to describe the electronic structure from 
first-principles have had mixed success: the local den- 
sity approximation (LDA) has not been able to account 
for the insulating phase, leading to a metallic solution 
for both R and Mi structures [14]. On the other hand, 
the inclusion of static correlations in the LDA-I-U method 
correctly predict an insulating Mi phase but cannot de- 
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FIG. 1: (Color online) O K-edge XAS spectra for (a) VO2(110) and (b) VO2(001). Spectra are shown recorded both above 
(metallic) and below (insulating) the MIT with incident photons aligned parallel and perpendicular to the CR-axis. At the 
bottom of each figure the difference between insulating and metallic spectra are shown, (c) O if -edge spectra recorded during 
a heating cycle through the transition for VO2(110). The inset shows the evolution in intensity of the peak. 



scribe the R phase for reasonable values of U [15]. More 
recently, dynamical mean-field theory (DMFT) calcula- 
tions [16, 17] and HSE hybrid functional calculations [18] 
have been able to describe both phases well. 

X-ray spectroscopy is a powerful tool for addressing 
the electronic structure of complex materials, capable of 
revealing both the unoccupied and occupied site-specific 
partial density of states (PDOS) in the form of x-ray 
absorption spectroscopy (XAS) and x-ray emission spec- 
troscopy (XES) respectively. Further, by rotating the 
polarization vector of the incident x-rays, it is possible 
to couple to orbitals of different symmetry. XAS mea- 
surements at the O K-edge of pure, bulk VO2 [19] have 
revealed the main features of the unoccupied O 2p PDOS: 
peaks separated by ^ 2.5 eV in the metallic phase are re- 
lated to the TT* and a* states. In the insulating phase, 
an additional peak owing to the dy orbital develops at 
~ 1 eV above tt*. More recent polarization-dependent 
measurements have unambiguously associated this peak 
with the orbitals, demonstrating its presence when the 
polarization vector is parallel to the CR,-axis, and absence 
when it is perpendicular [20]. 

High-quality thin films (^ 40 nm) of VO2 were grown 
on rutile TiO2(110) and TiO2(001) oriented substrates 
by reactive bias target ion-beam deposition [11]. X- 
ray diffraction measurements confirm the epitaxy of VO2 
with the substrate, and establish the contracted CR-axis 
of VO2 grown on TiO2(001) compared with bulk, and 
expanded CR-axis for VO2 grown on TiO2(110) [21]. In 
the following, tensilely- strained VO2/TiO2(110) is re- 
ferred to as VO2(110); correspondingly, compressively- 
stramed VO2/TiO2(001) is referred to as VO2(001). Soft 
x-ray spectroscopy measurements were carried out at 
beamline XIB of the National Synchrotron Light Source, 
Brookhaven and the AXIS endstation of beamline 7.0.1 
at the Advanced Light Source, Berkeley. XAS measure- 
ments were made in total electron yield (TEY) mode with 
a beamline energy resolution of 0.2 eV at FWHM, and 
the photon energy was calibrated using Ti02 reference 



spectra of the Ti L-edge and O -ftT-edge. The XES spec- 
tra were recorded with a Nordgren-type spectrometer set 
to an energy resolution of 0.5 eV at FWHM, and the in- 
strument was calibrated using a Zn reference spectrum. 

In Fig. 1, we present O K-edge spectra for the two 
strained samples both above and below the MIT and for 
incident photon polarizations parallel and perpendicular 
to the CR,-axis. For the compressively strained VO2(001) 
sample, whose Tmit ~ 300 K, spectra were recorded in 
the metallic R phase at room temperature (RT) and in- 
sulating phase at ^ 100 K. Correspondingly, for the ten- 
silely strained VO2(110), with Tmit ~ 345 K, data were 
recorded in the R phase at ^ 400 K and insulating phase 
at RT. For both samples, the spectra are in excellent 
qualitative agreement with the data of Refs. [19, 20]: in 
the metallic phase, two peaks are observed that corre- 
spond to the TT* and a* unoccupied states. 

Turning our attention to the temperature dependence 
of the spectra, an additional peak ~ 1 eV above the tt* 
develops in the insulating phase for E \\ cr. The as- 
signment of this peak as the dj| state that has previously 
been observed for bulk VO2 [19, 20] is confirmed by its 
polarization dependence: it is absent in both samples for 
-E _L cr. At the bottom of Fig. la,b, the difference be- 
tween the insulating and metallic spectra for E \\ cr is 
shown, highlighting the contribution from the dy states. 
For compressive VO2(001), the peak energy is found to 
be offset by 0.85 eV from the n* band, close to the ~ 1 eV 
observed for bulk VO2 [20]. On the other hand, for ten- 
silely strained VO2(110), the dy peak shifts down in en- 
ergy to 0.7 eV. These results are in good agreement with 
the strain-dependence of the dy state from DMFT calcu- 
lations, in which the offset between the tt* and d|| state 
are calculated to be 0.7 and 0.9 eV for tensive and com- 
pressive CR-axis strain (each of 2% magnitude) respec- 
tively [17]. This observation of the unoccupied dy band, 
and its dependence on strain, in the insulating phase of 
moderately strained VO2 is evidence of a substantial V- 
V dimerizing structural distortion, similar to the Mi or 
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M2 phases of bulk VO2. Factor analysis [22] of spectra 
recorded during a heating cycle through the transition 
(shown in Fig. Ic) revealed only two eigenvalues. The 
data were reproduced by a linear combination of the insu- 
lating and metallic end-members, supporting real-space 
measurements that suggest the absence of an intermedi- 
ate phase and lack of dimerization above the MIT [23] . 

By resonantly exciting the system at an energy that 
corresponds to a feature in the XAS spectrum, it is pos- 
sible to measure the site-selective occupied PDOS. In 
Fig. 2a the V La-edge resonant XES (RXES) spectra 
of the two samples in near-grazing geometry are shown 
above and below the MIT, and correspond to the fluores- 
cent decay of occupied V id states to the empty V 2p core 
hole created in the excitation process (see Ref. [21] for 
details of the geometry of these measurements). Three 
principal features are observed in these spectra. Firstly, 
the peak at eV is due to elastically scattered x-rays, 
whose intensity is found to vary with CR-axis strain. Sec- 
ondly, the feature centered at —4 eV represents a combi- 
nation of fluorescence from occupied 'pure' V Sd orbitals, 
located just below E-p, and low-energy inelastic loss fea- 
tures. Although the separation of these two components 
is complicated by their proximity in energy, analysis of 
their angular dependence and comparison with photoe- 
mission measurements establish that the loss features are 
predominantly located below —3 eV. In fact, the strong 
kink in the VO2(110) spectra at —3 eV separate the two 
components, analogous to the double-peaked structure 
observed for Mo-doped VO2 [24]. Note that the double- 
peaked structure observed in our data has a different ori- 
gin to that observed in photoemission measurements (see, 
for example, Refs. [20, 25]). Finally, the broader peak 
centered —9.5 eV represents V 3d states hybridized with 
O 2p states; the data presented in Fig. 2a have been nor- 
malized to this hybridized component. This interpreta- 
tion is in agreement with other vanadates [26] , including 
Cr-doped VO2 [27]. 

Focusing first on the behavior of the spectra across the 
transition, both samples exhibit a substantial change in 
the ratio of the V id peak to the O 2p hybridized peak, 
with a stronger contribution from the pure V id states 
in the metallic R phase. Considering the occupation of 
the V 3d band to be approximately constant across the 
transition, this change in intensity is interpreted as an in- 
crease in the hybridization between O 2p and V 3d states 
in going from the metallic to the insulating phase. For 
Vi_a;Cr^02, a similar change in this ratio was observed 
as a consequence of Cr-doping, and was associated with 
the decrease in the lattice parameter [in particular, the 
(110)r lattice spacing] induced by Cr ion substitution 
[27]. For bulk rutile VO2, the nearest-neighbor V-0 dis- 
tance is 1.92 A. However, in the Mi phase, the struc- 
tural distortion (dimerization of V-V ions and particu- 
larly their associated twisting in the VOg octahedra) re- 
duces this to 1.76 A, substantially increasing the overlap 
of the V 3d and O 2p wave functions. Together with 
our XAS measurements, the RXES data establish that a 
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FIG. 2: (Color online) (a) RXES spectra of VO2(110) and 
VO2(001) above and below the MIT recorded at the V La- 
edge peak maximum. The spectrum of bulk Mi VO2 is also 
shown for comparison. The spectra have been normaUzed to 
the O 2p hybridized peak and are presented on an energy-loss 
scale and vertically offset, (b) V La-edge RXES and (c) O 
K-eAge XES spectra of both samples at room temperature 
on a common emission energy axis. 



structural distortion accompanies the MIT that increases 
the overlap between the V 3d and O 2p wave functions, 
in a similar manner to the Mi or M2 bulk phases. 

Turning now to the behavior of the spectra as a func- 
tion of strain, it is evident in Fig. 2a that there is a large 
change in the V 3d - O 2p hybridization between the two 
samples. Fig. 2b shows the RXES spectra on a common 
emission energy axis recorded during the same measure- 
ment, eliminating ambiguity in the energy calibration of 
the spectrometer. Firstly, the location of the O 2p (hy- 
bridized) feature is rigidly shifted upwards in energy by 
almost 1 eV for VO2(110). Owing to the proximity of loss 
features, the shift of the V 3d PDOS is harder to accu- 
rately judge, but it is clear that any shift of these states is 
weaker. This indicates the V and O states are closer to- 
gether in energy for VO2(110), facilitating their enhanced 
hybridization. Indeed, this enhanced hybridization can 
be directly visualized in the data through the relative in- 
tensity of the O 2p hybridized feature compared with the 
V 3d peak. Qualitatively, such behavior can be under- 
stood from the evolution of the OR-axis lattice parameter 
with strain. For VO2(001), the aR-axis is expanded, ac- 
commodating the strain, and the 7r-bonded V 3d and 
O 2p orbitals are pulled further apart, decreasing their 
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FIG. 3: (Color online) LDA partial V density of states of 
metallic rutile VO2 for structures corresponding to the two 
strained systems investigated compared with bulk. Shown in 
the inset is an enlarged view of the V 3d t2g states showing 
the evolution of the peak with strain. 
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FIG. 4: (Color onhne) V I/3,2-edge XAS in both insulating 
and metallic phases, shown here for VO2(110). At the bottom 
of the figure, the anisotropy of these spectra is shown. 

respective hybridization. However, such strong strain- 
dependent changes in the hybridization between V and O 
states is not expected from band theory and hint towards 
a more significant role for the O ion than previously con- 
sidered in the physics of the MIT of VO2. Shown in 
Fig. 3 is the V PDOS within the LDA (employing the 
FLAPW Elk code [28]) of the metaUic phase of both 
strained and bulk VO2. The evolution of the dy peak, 
shown in the inset, is in agreement with the LDA calcu- 
lations of Ref. [17]. The energy axis in Fig. 2a refers to 
the excitation energy (rather than Ep), and the centroids 
of the calculated V-0 and pure V states agree reasonably 
well with experiment with a rigid shift ~ 3 eV. However, 
the V-0 hybridized states between —8 and —2 eV show 
only very weak dependence on the strain, both in relative 
intensity and energy, and certainly very much less than 
observed in our RXES measurements (Fig. 2a). An ac- 
curate model of the electronic structure of strained VO2 
must include such strain induced modifications to the O 
states of the electronic structure, not usually directly in- 
cluded in DMFT calculations. 



O iiT-edge XES spectra are shown for the two samples 
in Fig. 2c and reflect the change in the local O 2p PDOS. 
Although there is a slight evolution in the low-energy on- 
set of the spectra, the dominant difference is the appre- 
ciable narrowing of the bandwidth of VO2 (001) . Whereas 
the O 2p feature of the RXES spectra recorded at the V 
L^-edge are related to the hybridized portion of the O 
states, O -fiT-edge XES spectra measure the total O 2p 
PDOS. In particular, the knee observed at ^ 529 eV has 
its origins in the mixing of the V 3d wavefunctions with 
O 2p character. The broader bandwidth of VO2(110) is 
due to the enhanced hybridization with V 3d states, in 
agreement with the RXES data, and supported by the 
closer proximity, and indeed merging, of the knee to the 
onset of emission from the O 2p manifold. 

Finally, in Fig. 4 the anisotropy of the V L3,2-edge XAS 
spectra are shown above and below the MIT of VO2 (110) ; 
for this system, the splitting of the d\^ state is more dif- 
ferent (smaller) to that of bulk VO2 (see Fig. 1). Below 
the transition, these spectra exhibit strong anisotropy, 
particularly at the V La-edge, which is suppressed in the 
metallic phase. This anisotropy has been previously asso- 
ciated with changes in the occupation of the V 3d orbitals 
for bulk VO2 [29]. It is worth pointing out that electron 
correlations were required by Ref. [29] in order to explain 
their observations. These results demonstrate the same 
orbital switching occurs for moderately strained VO2, re- 
quiring both the monoclinic structural distortion and the 
involvement of appreciable electron correlations. 

In summary, complementary soft x-ray techniques have 
been employed to demonstrate (i) the evolution of V- 
V dimerization with strain (in excellent agreement with 
recent DMFT results), (ii) changes in the hybridization 
of V-O states across the MIT (related to the distortion 
of the VOg octahedra, and (iii) the orbital switching that 
occurs across the MIT. All of these results are consistent 
with the distorted monoclinic Mi or M2 low-temperature 
insulating phase. Finally, the V-0 hybridization is found 
to have an unexpectedly strong dependence on strain, 
indicating a role for the O ion in the physics of the MIT 
of VO2 that is often overlooked. We anticipate that these 
results will provide a stringent test of theoretical models 
of the properties of the MIT in strained VO2. 
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